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In the C

 

4

 

 plant maize, three photosynthetic cell types differentiate: C

 

4

 

 bundle sheath, C

 

4

 

 mesophyll, and C

 

3

 

 mesophyll
cells. C

 

3

 

 mesophyll cells represent the ground state, whereas C

 

4

 

 bundle sheath and C

 

4

 

 mesophyll cells are specialized
cells that differentiate in response to light-induced positional signals. The 

 

Golden2

 

 (

 

G2

 

) gene regulates plastid biogen-
esis in all photosynthetic cells during the C

 

3

 

 stages of development. However, G2 function is specifically committed to
the differentiation of bundle sheath cell chloroplasts in C

 

4

 

 leaf blades. In this article, we report the isolation of 

 

G2-like

 

(

 

Glk

 

) genes from maize and rice, providing evidence for a family of 

 

Glk

 

 genes in plants. The expression profiles of the
rice 

 

Glk

 

 genes suggest that these genes may act redundantly to promote photosynthetic development in this C

 

3

 

 spe-
cies. In maize, 

 

G2

 

 and 

 

ZmGlk1

 

 transcripts accumulate primarily in C

 

4

 

 bundle sheath and C

 

4

 

 mesophyll cells, respec-
tively, suggesting a specific role for each gene in C

 

4

 

 differentiation. We show that G2 and ZmGLK1 both can
transactivate reporter gene transcription and dimerize in yeast, which supports the idea that these proteins act as tran-
scriptional regulators of cell-type differentiation processes.

INTRODUCTION

 

In monocotyledonous grasses such as maize and rice, the
leaf is strap shaped and is divided into two distinct regions
by the ligule. The proximal portion known as the sheath en-
closes the stem and provides support to the more distal leaf
blade, which is the main photosynthetic organ (Brown,
1958; Freeling, 1992). A series of parallel veins runs longitu-
dinally through the entire leaf, with each vein surrounded by
a cylinder of bundle sheath cells that is itself surrounded by
mesophyll cells (Brown, 1975). Although this leaf anatomy is
shared by all grasses, the function of the bundle sheath and
mesophyll cells differs depending on whether plants use the
C

 

4

 

 or C

 

3

 

 photosynthetic pathway.
In C

 

3

 

 plants such as rice, CO

 

2

 

 is fixed by ribulose bisphos-
phate carboxylase (RuBPCase) in the mesophyll cells,
whereas bundle sheath cells act as supporting and con-
ducting tissue. In contrast, C

 

4

 

 plants such as maize com-
partmentalize photosynthetic reactions between mesophyll
and bundle sheath cells. RuBPCase activity is restricted to
bundle sheath cells, whereas mesophyll cells accumulate a
set of cell-specific enzymes (phosphoenolpyruvate carbox-

ylase, pyruvate phosphate dikinase, and malate dehydroge-
nase) that act to fix and then shuttle carbon to the bundle
sheath cells (reviewed in Edwards and Walker, 1983). Thus,
chloroplasts differentiate for distinct functions in the two cell
types and exhibit characteristic dimorphism. Bundle sheath
cells have agranal chloroplasts containing large starch gran-
ules, whereas mesophyll cells have granal chloroplasts with-
out starch granules (Kirchanski, 1975). C

 

4

 

 metabolism is
effectively mediated by the close physical association of
mesophyll and bundle sheath cells. In the maize leaf blade,
vein spacing is such that every mesophyll cell is directly ad-
jacent to a bundle sheath cell. However, in leaf-like organs
such as husk leaves, the spacing between veins is wider;
consequently, some mesophyll cells are not in direct con-
tact with bundle sheath cells. These mesophyll cells accu-
mulate RuBPCase and perform C

 

3

 

 photosynthesis (and
hence are referred to here as C

 

3

 

 mesophyll cells) (Langdale
et al., 1988b).

Phylogenetic studies indicate that the C

 

4

 

 photosynthetic
pathway was derived from the C

 

3

 

 pathway (Moore, 1982).
Within maize, C

 

3

 

-type photosynthetic differentiation appears
to be the ground state, with C

 

4

 

 specialization requiring addi-
tional signals (Langdale et al., 1988b; Langdale and Nelson,
1991). Although the C

 

4

 

 pathway has been characterized in
great detail from a physiological perspective, little is known
about the genetic control of the developmental processes as-
sociated with it and the evolutionary steps that led to its ap-
pearance. To determine the cellular differentiation processes

 

linked to C

 

4

 

 metabolism, we have identified mutations that
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Figure 1. GLK Sequences in Maize and Rice.

Pileup multiple sequence alignment of maize and rice GLK proteins. Amino acid identity is indicated by black boxes, and similarity is indicated
by gray boxes. The putative DNA binding domain folds as an HLH: solid horizontal bars indicate the predicted a-helix segments conserved in all
four proteins; dashed horizontal bars indicate the maximum extension of the second a-helix, which reaches residue A 295 in OsGLK2, residue A
257 in OsGLK1, residue H 257 in G2, and residue T 263 in ZmGLK1. Triangles mark intron positions in genes: black, OsGlk1 and ZmGlk1; white,
OsGlk2; gray, G2. The GCT box is delimited by the last exon.
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Figure 2. Amino Acid Identities of Maize and Rice GLK Proteins.

Identities were obtained from GAP pairwise alignments between the four
grass GLK proteins. The two highest values are shown in boldface.

 

disrupt the development of photosynthetic cell types in
maize (Langdale and Kidner, 1994; Langdale et al., 1995;
Roth et al., 1996). One of these mutations, 

 

golden2

 

 (

 

g2

 

),
leads to perturbed development of bundle sheath cell chlo-
roplasts in C

 

4

 

 leaf blades (Langdale and Kidner, 1994). The
mutation also disrupts the development of C

 

3

 

 mesophyll
cells, although C

 

4

 

 mesophyll cells are unaffected. Thus, G2
acts as a general regulator of chloroplast development in
C

 

3

 

-type photosynthetic cells but as a specific regulator of
bundle sheath cell chloroplast development in C

 

4

 

 tissue.
The phenotype of 

 

g2

 

 mutant plants further suggests that the
loss of 

 

G2

 

 gene function in bundle sheath cells can be com-
pensated for by the action of a second gene (Langdale and
Kidner, 1994; L. Cribb and J.A. Langdale, unpublished data).

The 

 

g2

 

 mutant phenotype elicits two testable hypotheses.
First, if G2 regulates the development of C

 

3

 

 mesophyll cells in
maize, then 

 

G2

 

-like genes are likely to be present in C

 

3

 

plants. Second, because functional redundancy is wide-
spread in multigene families, a second 

 

G2

 

-like gene may be
present in maize that is able to compensate for the lack of G2
function. The second gene should be expressed primarily in
C

 

4

 

 mesophyll cells after light induction of the C

 

3

 

-to-C

 

4

 

 switch.
On the basis of the presence of a TEA-related helix-loop-helix
(HLH) domain and a functional nuclear localization signal
(NLS), G2 was hypothesized to be a transcription factor capa-
ble of binding DNA and of forming dimers with itself and other
proteins (Hall et al., 1998). To account for redundancy, the
second gene should share at least some of these properties.

Here, we show that 

 

G2-like

 

 (

 

Glk

 

) gene sequences are
present in the C

 

3

 

 plant rice. Overlapping expression patterns
of 

 

OsGlk1

 

 and 

 

OsGlk2

 

 suggest that both genes are involved
in photosynthetic differentiation. A second 

 

Glk

 

 gene has
been identified in maize. 

 

ZmGlk1

 

 is expressed predomi-
nantly in C

 

4

 

 mesophyll cells in response to light. To substan-
tiate the hypothesis that G2 and ZmGLK1 function as
transcriptional regulators, we show that both proteins can
transactivate reporter gene transcription in a yeast GAL4 as-
say. In addition, G2 and ZmGLK1 can form homodimers and
heterodimers in the yeast two-hybrid system. 

 

OsGlk1

 

 and

 

OsGlk2

 

 are highly related to 

 

ZmGlk1

 

 and 

 

G2

 

, respectively.
Sequence relatedness, expression patterns, and the pheno-
type of 

 

g2

 

 maize mutants suggest that 

 

Glk1

 

 and 

 

Glk2

 

 genes
act redundantly to promote photosynthetic development in
C

 

3

 

 species and that the evolution of C

 

4

 

 involved specializa-
tion of 

 

Glk

 

 gene action.

 

RESULTS

 

Glk

 

 Genes in Maize and Rice

 

DNA and RNA gel blotting analyses, using the maize 

 

G2

 

 se-
quence as a probe, suggested that a small family of 

 

Glk

 

genes is present in rice and maize. Therefore, we screened
genomic and cDNA libraries and isolated three 

 

Glk

 

 genes: a

maize cDNA named 

 

ZmGlk1

 

 and two rice 

 

G2

 

-related genes
named 

 

OsGlk1

 

 and 

 

OsGlk2

 

. The maize 

 

ZmGlk1

 

 gene en-
codes a predicted protein of 475 amino acids (50.4 kD), the
rice 

 

OsGlk1

 

 gene encodes a predicted protein of 455 amino
acids (48.5 kD), and 

 

OsGlk2

 

 encodes a predicted protein of
533 amino acids (55.9 kD) (Figure 1). Figure 2 shows the
percentage amino acid identity derived from GAP pairwise
alignments for the peptide sequences encoded by 

 

G2

 

,

 

ZmGlk1

 

, 

 

OsGlk1

 

, and 

 

OsGlk2

 

. Sequence identity ranged
from 49.3% between the two maize proteins to 72.3% be-
tween ZmGLK1 and OsGLK1.

The multiple sequence alignment shown in Figure 1 dem-
onstrates that sequence conservation is particularly high across
two regions. The first region corresponds to the putative DNA
binding domain already described for 

 

G2

 

 (Hall et al., 1998).
This domain folds as an HLH in PHD computer predictions
(Rost, 1996). The first helix, which starts at PELHRR, is in-
variably 14 amino acids long and is separated from the sec-
ond helix by a 22–amino acid loop. The second helix starts
at the NIASHLQ motif and extends to various lengths in the
different GLK proteins. HLH domains bind DNA and mediate
dimerization in a number of well-characterized transcrip-
tional regulators (reviewed in Massari and Murre, 2000). The
HLH domain in the 

 

Glk

 

 genes shares a low level of sequence
similarity with a class of eukaryotic DNA binding domains
called TEA, as discussed by Hall et al. (1998; see also refer-
ences therein). In addition, this domain is highly similar to the
B motif described for type B Arabidopsis response regula-
tors (ARRs) (Imamura et al., 1999). ARRs (also called Arabi-
dopsis response regulator-like proteins) are a family of plant
proteins related to prokaryotic response regulators of two
component systems. The type B subclass has been shown
to bind DNA through the B motif (Sakai et al., 1998, 2000;
Imamura et al., 1999). A recent publication has assigned
both 

 

Glk

 

 and 

 

ARR

 

 genes to a superfamily of transcription
factors denoted GARP (G, G2; AR, ARR; P, Psr1; Riechmann
et al., 2000; see below). BLAST searches (Altschul et al.,
1997) conducted on expressed sequence tag (EST) data-
bases revealed sequences closely related to the GLK HLH
domain in a number of other plant species. Table 1 lists



 

1234 The Plant Cell

 

plant GARP genes (excluding those found in Arabidopsis)
identified through BLAST searches with GLK protein se-
quences on the nonmouse nonhuman EST database at
NCBI. These genes all have a GLK HLH domain. For each
EST containing this domain, subsequent BLAST searches

were performed to identify and assemble other overlapping
ESTs. Where possible, a list of overlapping ESTs is pre-
sented. This analysis confirms that the GARP gene family of
transcription factors is widespread in plants, with at least 13
members in soybean (

 

Glycine max

 

), 14 in tomato (

 

Lycopersi-

 

Table 1.

 

GARP Gene Sequences in Plants

 

a

 

Species Gene GenBank Accession Numbers

Soybean 1 BE659830, AW119879, BE661803
2 AW666415, BF008920, BE330035, BF325036, BE330111, BE347643, AW201792
3 AW202145, BF068309
3* BF596099
4 BF068683, AW596288
5 AW507631
5* AW704492
6 BE800964
7 AI522979, AW234794
7* AW568114, BE473386
8 AI495406, AW350460
9 AI460581, BE801841

10 AW620443, BF008690
11 AW100172, AW100166, AW100173
12 AW318109, BF069630, BF071455
13 AW509242, BF598100, BE821109

Tomato 1 AI896489, AI782800
2 BE354404
3 BE450553, AW217245
4 AW218302
5 AW216940, AW441680, AI894498, AI899620, AW032403, AI898971, AI486131, AW223346
6 AW932398
7 AW030183
8 AI488221, AI486663, AI489206, AI487463, AI485303, AI489464
9 AW222548, AW933286

10 AW032021
11 AW222558, AW929913, AW625696, BE462978
12 AW648066, BE450362
13 AW030078, AW219675
14 AI484159

Barley 1 BE559431, BE216742
2 BF618321
3 BE519629
4 BF627268, AL503993
4* AL506334
5 BE519487
6 BE558795, BE060066
7 BF617544
8 BF621611
9 BF625895

Sorghum 1 AW677774, AW564570
2 BE366718
3 BE355874

Cotton 1 AI731854

 

a

 

This list of GARP genes is based on the results of BLAST searches of the nonmouse nonhuman EST database at the National Center for Bio-
technology Information (GenBank). ESTs sharing similarity with the GLK HLH domain have been grouped and assembled with other overlapping
ESTs to obtain the longest possible contig. Where overlaps were significant but not perfect (due to mismatches or frame shifts between the se-
quences), a gene number with an asterisk was used to indicate the possible existence of two highly related genes within the same species.
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con esculentum

 

), nine in barley (

 

Hordeum vulgare

 

), three in
sorghum (

 

Sorghum bicolor

 

), and one in cotton (

 

Gossypium
hirsutum

 

). In addition, the GLK HLH domain is present in the
Ca

 

2

 

1

 

-dependent protein kinase substrate protein1 (CSP1) from

 

Mesembryanthemum crystallinum

 

 (GenBank accession num-
ber AF219972) and in PSR1 (GenBank accession number
AF174480), a protein involved in the control of phosphorus
metabolism in the green alga 

 

Chlamydomonas reinhardtii

 

(Wykoff et al., 1999). Notably, no similar sequences exist in
the Synechocystis or yeast genomes, and despite extensive
database screening, we have not identified this domain in se-
quences isolated from animal species.

The second conserved region is located in the C-terminal
portion of the proteins and is referred to as the GLK/C-ter-
minal box (GCT box). To our knowledge, this domain has
not been described previously, and like the HLH, it is not
identified by BLAST searches of the yeast and animal data-
bases. Interestingly, only three of the 46 GARP genes identi-
fied in the Arabidopsis genome (Riechmann et al., 2000)
contain both the HLH and the GCT box (GenBank accession
numbers AC007048, AB005239, and AL021889). One of
these three (AL021889) encodes an N-terminal receiver do-
main and thus encodes a “hybrid” GLK and ARR protein.
The other two genes resemble those reported here. BLAST
database searches (conducted with the same method illus-
trated above) identified several plant ESTs sharing similarity
with the GCT box. At least four genes containing a GCT box

were found in soybean. The first is represented by GenBank
accession numbers AI495300 and AW350495, the second
by accession numbers AW102269 and AW102337, the third
by accession number BE348124, and the fourth by acces-
sion number AI441555. In the case of the first, significant
but not perfect overlap with sequences of soybean gene 1
(as denoted in Table 1) suggests that these overlapping
ESTs may represent a member of the 

 

Glk

 

 subfamily. In to-
mato, the sequence represented by accession number
AI782800 contains both HLH and GCT sequences, whereas
accession numbers AI484169 and AW223688 represent two
independent GCT boxes. GCT boxes are present also in at
least one sorghum gene (GenBank accession numbers
AW670986 and AW284817) and one barley gene (GenBank
accession number BF631280). Notably, the limitations of a
survey based on EST assembling (number of EST entries in
the database for a given species and modest length and
quality of the sequences) do not allow us to accurately iden-
tify and assemble all of the 

 

Glk

 

 genes in these species.
In addition to the two conserved regions identified, the G2

sequence contains a recognizable bipartite NLS located at
the N terminus of the putative DNA binding domain. Experi-
mental data confirmed that the G2 protein is targeted to the
nucleus, at least in a heterologous system (Hall et al., 1998).
PSORT computer predictions (Nakai and Kanehisa, 1992) indi-
cate that NLSs also are present in ZmGLK1 and OsGLK2
(Figure 3). The NLS in ZmGLK1 is in a corresponding

Figure 3. DNA Gel Blot Analysis of Glk Genes in Maize and Rice.

(A) HindIII digest of maize genomic DNA hybridized in 0.45 M NaCl at 658C to the sequence encoding the HLH of G2 (probe 1).
(B) BamHI digests of maize and rice genomic DNA hybridized in 0.75 M NaCl at 658C to the sequence encoding the HLH of G2 (probe 1).
(C) Digests of rice genomic DNA hybridized in 0.75 M NaCl at 658C to the sequence encoding the HLH of OsGLK1 (probe 3).
(D) Same filter as in (C) hybridized to the 39 untranslated region (UTR) of OsGlk1.
In each case, the gene number is denoted next to the hybridizing fragments.
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position and is of a similar type to that identified in G2 (Xe-
nopus nucleoplasmin type [Robbins et al., 1991]). In
OsGLK2, several overlapping NLSs of the Simian Virus 40
large T antigen type (Kalderon et al., 1984) are found at two
sites in exon 1. The first, PPPRGKKKK, is at position 131,
and the second, KRKP, at position 188, is located at the N
terminus of the putative HLH domain. The PSORT software
does not identify an NLS in the OsGLK1 sequence; how-
ever, experimental work is required to exclude the possibil-
ity that the protein is targeted to the nucleus.

Orthology of Rice and Maize Glk Genes

To determine whether we had isolated orthologous Glk
genes in maize and rice, we first assessed the gene copy
number by DNA gel blotting. Maize and rice genomic DNA
were digested with either HindIII (Figure 3A) or BamHI (Fig-
ure 3B) and hybridized at moderate stringency (0.75 M NaCl
at 658C) to the HLH region of G2. Both HindIII and BamHI
digests of maize DNA yielded two fragments that hybridized
strongly to the G2 probe. Each was assigned to either G2 or
ZmGlk1 on the basis of genomic clone restriction maps and
hybridization with gene-specific sequences. In addition to
the strongly hybridizing fragments, fainter bands and a gen-
eral smear were observed (Figure 3A). Thus, other more dis-
tantly related Glk genes are present in the maize genome.
Hybridization of the maize G2 sequence to BamHI-digested
rice DNA revealed three genomic fragments of z4.5, 5.5,
and 10 kb (Figure 3B). On the basis of genomic clone re-
striction maps and hybridization with gene-specific se-
quences, the most strongly hybridizing 10-kb fragment was
assigned to OsGlk2 and the 4.5-kb species was assigned to
OsGlk1. To determine whether the 5.5-kb fragment repre-
sented a partially digested fragment of OsGlk1 or a third
gene, we performed further restriction digests and hybrid-
ized DNA at high stringency (0.45 M NaCl at 658C) to the
HLH region of OsGlk1 (Figure 3C). In this case, the 4.5-kb
BamHI fragment hybridized most strongly, as would be pre-
dicted. In double digests with DraI, the presence of a clearly
defined 1.8-kb fragment that could not be assigned to either
OsGlk1 or OsGlk2 and could not represent a partially di-
gested fragment of OsGlk1 confirmed the presence of a
third gene in the rice IR36 genome (Figure 3C). Hybridization
with gene-specific fragments demonstrated that OsGlk3
was more closely related to OsGlk1 than to OsGlk2. Indeed,
a gene-specific fragment from the 39 untranslated region
(UTR) of OsGlk1 hybridized weakly to the 5.5-kb BamHI
fragment of OsGlk3 (Figure 3D). This suggests that the two
genes are very similar in sequence and that they may repre-
sent a very recent duplication event. This suggestion is fur-
ther supported by the fact that very few restriction digests
distinguished between OsGlk1 and OsGlk3 and that the 39

UTR of OsGlk1 hybridizes to two transcripts on RNA gel
blots (see below).

On the basis of amino acid sequence identity, OsGlk2 and

G2 appear to be orthologous genes. ZmGlk1 and OsGlk1
are also highly related and potentially orthologous, although
further investigation is necessary to exclude the possibility
that OsGlk3 is the true ortholog of ZmGlk1. To investigate
these relationships further, we determined the genomic
structure of each Glk gene (Figure 4). For ZmGlk1, intron po-
sitions and sizes were deduced by polymerase chain reac-
tion (PCR), whereas gene structures of OsGlk1 and OsGlk2
were determined by comparing genomic and cDNA se-
quences.

Although introns vary in size from 0.088 to 2.1 kb (data
not shown), intron positions appear to be largely conserved.
In particular, the first two introns and the last intron are
found in exactly the same position in all four genes (Figure
4). Notably, these three introns delimit the two most highly
conserved regions corresponding to both the majority of the
HLH (exon 2) and the GCT box (last exon). The position of
intron 3 just upstream of the AARKW motif at the beginning
of exon 4 is precisely conserved between G2 and OsGlk2 (Fig-
ure 1). This motif is missing from both OsGlk1 and ZmGlk1, in
which intron 3 is shifted downstream. The characteristic po-
sition of intron 3 and the presence or absence of the
AARKW motif support the common ancestry of G2 and OsGlk2
and of ZmGlk1 and OsGlk1. However, ZmGlk1, OsGlk1, and
OsGlk2 all contain an additional intron compared with G2.
Comparison of G2 and Glk gene structures reveals that
exon 4 of G2 spans exons 4 and 5 of the other Glk genes,
suggesting that the ancestral Glk gene contained the extra
intron and that G2 has lost it. Again, the position of this ad-
ditional intron is precisely conserved between ZmGlk1 and
OsGlk1, confirming that these two genes are more closely
related to each other than to G2 or OsGlk2.

Figure 4. Scheme of Glk Gene Structures.

Horizontal lines represent UTRs. Boxes represent different domains
of the coding region as indicated. White triangles designate the po-
sition of introns present in all four genes, and black triangles desig-
nate the position of the intron that is not found in G2. DBD, putative
DNA binding domain.
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To further analyze the evolutionary relationships between
the maize and rice Glk genes, we determined their chromo-
somal locations by restriction fragment length polymor-
phism linkage mapping. G2 maps to the most distal position
on the short arm of maize chromosome 3, 1.4 centimorgans
(cM) from bnl (tas4L) (Hall et al., 1998). Interestingly, OsGlk2
maps on the short arm of rice chromosome 1 between C955
(2.2 cM) and S11941A (0.3 cM), a region sharing extensive
colinearity with the short arm of maize chromosome 3 (Wilson
et al., 1999). The ZmGlk1 locus is located on the short arm
of maize chromosome 9, 1 cM from koln (hox2), and OsGlk1
is a centromeric marker on rice chromosome 6, which is
tightly linked with R688, between R538 (0.8 cM) and P56
(0.2 cM). Notably, maize chromosome 9 and rice chromo-
some 6 share syntenous segments (Wilson et al., 1999).

Expression Patterns of Glk Transcripts

The phenotype of g2 maize mutants indicates that G2 facili-
tates photosynthetic development in both C3 (sheath) and
C4 (blade) tissue. Consistent with this suggestion, G2 tran-
scripts accumulate in both sheath and blade tissue and are
present in etiolated seedlings that exhibit a C3 pattern of de-
velopment but are nonphotosynthetic (Figure 5). G2 tran-

scripts did not accumulate in roots but accumulated in all
photosynthetic tissues examined (Figure 5). Importantly, in
mature leaf blades, G2 transcripts accumulate mainly in C4

bundle sheath cells, consistent with the specialized role of
G2 in regulating bundle sheath chloroplast differentiation
(Figures 6A and 6B).

The pattern of ZmGlk1 transcript accumulation also is
consistent with a role in C4 photosynthetic development. As
with G2, ZmGlk1 is not expressed in roots and is expressed
throughout leaf development (Figure 5). However, ZmGlk1
transcripts are barely detectable in leaf sheath tissue. Fur-
thermore, in contrast to G2, ZmGlk1 transcript accumulation
is light induced, suggesting a correlation with the switch
from C3 to C4 photosynthetic development (Figure 5)
(Langdale et al., 1988b). In mature leaf blades, the pattern of
ZmGlk1 gene expression is complementary to that of G2 in
that transcripts preferentially accumulate in C4 mesophyll
cells (Figures 6A and 6B).

The rice genes OsGlk1 and OsGlk2 also exhibit expression
patterns that are consistent with an involvement in photo-
synthetic development. OsGlk2 produces a single transcript
of 2.3 kb, whereas the OsGlk1 39 UTR sequence hybridizes
to two transcripts, a predominant 2-kb mRNA and a larger,
very faintly hybridizing 3.3-kb mRNA. The 3.3-kb species
may represent a partially spliced OsGlk1 transcript or may
represent hybridization to OsGlk3, because the probe used
was that which hybridizes to OsGlk3 genomic fragments
(Figure 3D). Notably, the 3.3- and 2-kb transcripts exhibited
identical accumulation profiles. Transcripts of both genes
were absent from roots but were present throughout leaf
development. Transcripts accumulated in dark-grown tis-
sue; however, a notable increase in accumulation levels was
observed after exposure to light (Figure 7A). The patterns of
OsGlk1 and OsGlk2 expression essentially overlap, except
that OsGlk1 was more highly expressed in leaves of young
seedlings, whereas OsGlk2 transcript levels were main-
tained throughout development (Figures 7A and 7B). These
overlapping expression profiles suggest that the roles of
OsGlk1 and OsGlk2 may be similar.

G2 and ZmGLK1 Transactivate Transcription in a Yeast 
GAL4 Transactivation Assay

A number of observations have suggested that both G2 and
the other GLK proteins function by binding DNA and regu-
lating gene expression at the transcriptional level. To sub-
stantiate this hypothesis, we tested the ability of G2 and
ZmGLK1 peptides to activate transcription in a GAL4 trans-
activation assay. We constructed chimeras between the GAL4
DNA binding domain (GAL4DB) and the G2 or ZmGLK1
peptides. We then expressed these protein fusions in a
yeast strain carrying the lacZ reporter gene under the con-
trol of a promoter containing GAL4 binding sites. The results
showed that full-length sequences of both G2 and ZmGLK1
could activate the transcription of lacZ in the yeast system

Figure 5. G2 and ZmGlk1 Transcript Accumulation in Maize.

RNA gel blot analysis of G2 and ZmGlk1 transcript accumulation in
maize tissues. G2 transcript size is 2.2 kb and ZmGlk1 transcript size
is 2.1 kb. The bottom panel shows the ethidium bromide–stained gel
to demonstrate RNA loading levels. Blots were hybridized to probe 5
(G2) and probe 6 (ZmGlk1). P1 to P5, plastochrons 1 to 5.
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(Figure 8). In both G2 and ZmGLK1, the N-terminal portion
alone, spanning the acidic domain (encoded by exon 1) and
the HLH (encoded by exon 2 and part of exon 3), also could
activate transcription. In contrast, the C-terminal segment
spanning the proline-rich region (downstream of the HLH)
and the GCT box (encoded by the last exon) could not func-
tion in this assay (Figure 8).

G2 and ZmGLK1 Interact in the Yeast
Two-Hybrid System

Because G2 and ZmGLK1 activate transcription in a
heterologous system, it is likely that both proteins act as
transcriptional regulators. The GAL4 assays indicate that
transactivation ability is located in the N-terminal portion of
the proteins, as is the putative DNA binding domain. What
then is the function of the highly conserved GCT box? One
possibility is that the GCT box is required for the ho-
modimerization or heterodimerization of GLK proteins. We
tested this idea using the yeast two-hybrid system. Chime-
ras were constructed between the GAL4 transactivation do-
main and the G2 or the ZmGLK1 peptides. The ability of
constructs to mediate the activation of transcription via in-
teraction with the C-terminal fusions GAL4DB–G2/C or
GAL4DB–ZmGLK1/C was then assayed. As reported in Fig-
ure 9, both G2 and ZmGLK1 were able to homodimerize.
The G2 full-length peptide interacted with the G2 C-terminal
peptide, but the G2 C-terminal peptide alone was not suffi-
cient to facilitate this interaction. Evidently, therefore, dimer-
ization is mediated by interactions between different
domains of the protein. Similar results were obtained with
ZmGLK1. Furthermore, G2 and ZmGLK1 were shown to
heterodimerize (Figure 9), but again, the C-terminal peptides
were not sufficient to facilitate the interaction. Because the
C-terminal region can interact with the full-length protein but
not with the N- or C-terminal region alone (despite the fact
that the two represent the whole protein), it is likely that ei-
ther the interacting region spans the two domains or the
secondary structure of the truncated proteins precludes
dimerization.

DISCUSSION

The G2 gene was first identified after the isolation of a pale
green maize mutant that exhibited perturbed development
of photosynthetic cell types (Langdale and Kidner, 1994).
Characterization of the g2 mutant phenotype demonstrated
that the gene plays a critical role in the development of chlo-

Figure 6. Transcript Accumulation in Maize Bundle Sheath and Me-
sophyll Cells.

(A) Gel blot analysis of G2 and ZmGlk1 transcripts in RNA isolated
from purified bundle sheath and mesophyll cells. Blots were hybrid-
ized to probe 5 (G2) and probe 6 (ZmGlk1). Bundle sheath cells were
isolated by rapid mechanical disruption. Mesophyll cells were iso-
lated after a 3-hr enzymatic digestion. To monitor transcript degra-
dation during the isolation process, total leaves were incubated as
for the mesophyll preparation but in the absence of enzyme. RNA
was isolated from these “total stressed’’ leaves after 3 hr of incuba-
tion. Thus, transcript levels detected in bundle sheath cell samples
should be compared with those in “total leaf” samples, whereas lev-
els in mesophyll cell samples should be compared with those in total
stressed samples. The purity of cell preparations was assessed by
hybridization to mesophyll cell–specific Ppc1 and bundle sheath cell–
specific RbcS transcripts. At bottom, the ethidium bromide–stained
gel demonstrates RNA loading levels.
(B) Normalization of hybridization signals in bundle sheath (BS) and
mesophyll (M) cells after densitometric analysis of autoradiographs.
ZmGlk1 transcripts were degraded during the 3-hr mesophyll isola-
tion procedure, as determined by comparing the hybridization signal
in total leaf and total stressed lanes. Thus, hybridization signals for
mesophyll cells were normalized to signals in total stressed sam-
ples. During the 10-min bundle sheath cell isolation procedure, nei-
ther G2 nor ZmGlk1 transcripts were degraded, and thus signals in
bundle sheath cells were normalized to signals in total leaf samples.
Signal density in bundle sheath cell samples is therefore expressed
relative to that seen in total leaf samples after adjustment for RNA
loading levels. Signal density in mesophyll cell samples is expressed

relative to that seen in total stressed samples after adjustment for
RNA loading levels.
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roplasts in C3 mesophyll and C4 bundle sheath cells
(Langdale and Kidner, 1994). Sequence analysis suggested
that G2 acts as a transcription factor (Hall et al., 1998), and
in this study we show that reporter gene transcription is ac-
tivated in a heterologous system by the N-terminal acidic re-
gion of the G2 protein. This observation is consistent with
previous reports of acidic transactivation domains in plant
transcription factors (reviewed in Schwechheimer et al.,
1998).

Many transcription factors are encoded by members of
multigene families, and we show here that Glk genes are
present in more than one copy in both rice and maize. We
report the isolation of two genes in each species; however,
a third related gene appears to be present in rice, and other
more distantly related copies exist in maize, which is an am-
phidiploid (Gaut and Doebley, 1997). On the basis of com-
parative sequence analysis, we report here two regions of
the GLK proteins that are highly conserved (Figure 1). The
first is an HLH region that we assume constitutes the DNA
binding domain. This region is shared by many other se-
quences in the databases, as discussed in Results. How-
ever, many of these other sequences do not display the
second conserved region, the GCT box, which in the case of
all four genes reported here is encoded by a single exon.
Because the GCT box plays at least some role in dimeriza-
tion (Figure 9), we propose that the presence of both the

HLH and the GCT box should be the defining feature of Glk
gene family members. Using this definition, we can identify
at least two family members in rice and maize and three
family members in Arabidopsis (D. Fitter and J.A. Langdale,
unpublished data). Evidence reported here suggests that
OsGlk1 and OsGlk2 in rice are the orthologs of ZmGlk1 and
G2 in maize, respectively. Thus, the duplication event that
led to specific Glk1 and Glk2 genes occurred before the di-
vergence of rice and maize. This conclusion is based on
amino acid identity scores between the predicted gene
products (Figure 2), intron positions within the genes (in par-
ticular the position of intron 3) (Figure 4), and chromosomal
map positions. However, on the basis of genomic DNA hy-
bridization profiles to HLH domain probes, a third Glk gene
appears be present in rice (Figure 3). Hybridization to the 39

UTR of OsGlk1 (Figure 3D), similarity of the restriction maps
for OsGlk1 and OsGlk3, and mRNA expression patterns de-
tected with the OsGlk1 39 UTR probe (Figure 7) support the
idea that OsGlk3 is more closely related to OsGlk1 than to
OsGlk2. One interpretation of this observation is that OsGlk3
and OsGlk1 are the result of a recent duplication event that
possibly occurred after the divergence of maize and rice. To
test this further, we would need to isolate the OsGlk3 gene.

The four Glk genes reported here are expressed exclu-
sively in tissues that differentiate chloroplasts or etioplasts.
Thus, given the phenotype of g2 mutants, it is tempting to

Figure 7. OsGlk1 and OsGlk2 Transcript Accumulation in Rice.

(A) RNA gel blot analysis of OsGlk1 and OsGlk2 transcript accumulation patterns in rice tissues. Blots were hybridized to probe 2 (OsGlk1) and
probe 7 (OsGlk2). OsGlk1 39 UTR sequence hybridized to two transcripts, the predominant one being 2.0 kb. At bottom, the ethidium bromide–
stained gel demonstrates RNA loading levels.
(B) RNA gel blot analysis of OsGlk1 and OsGlk2 transcripts in roots and leaves. Only the 2.0-kb OsGlk1 transcript is shown. At bottom, the ethid-
ium bromide–stained gel demonstrates RNA loading levels.
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speculate that Glk genes play a specific role in photosyn-
thetic development. The absence of Glk gene sequences in
the genome of the cyanobacterium Synechocystis suggests
that the presence of Glk genes is associated with the ability
to develop chloroplasts rather than with the ability to photo-
synthesize per se. Further support for this idea is provided
by the fact that Glk gene sequences have been identified
only in green algae and in plants. Can Glk gene profiles pro-
vide insight into differences between C3 and C4 photosyn-
thetic development? Because Glk genes are duplicated
even in C3 species, the simplest hypothesis would be that
Glk genes act redundantly to promote the development of
all photosynthetic cell types in C3 plants and that during the
evolution of maize, individual family members were recruited
for specialized functions.

Because G2 regulates the development of C3 cell types in
maize, it is reasonable to speculate that the orthologous
OsGlk2 gene may play a similar role in rice. The OsGlk2 ex-
pression pattern also supports this suggestion. Because the
expression profile of OsGlk1 essentially overlaps that of
OsGlk2 (Figure 7), it is possible to speculate further that the
two genes act redundantly to promote photosynthetic de-
velopment. Functional redundancy is a widespread phe-
nomenon in plant genomes and has been shown for other
transcription factor families, particularly in the regulation of
developmental processes that are crucial for plant survival
(reviewed in Martienssen and Irish, 1999). However, on the
basis of computer predictions with the PSORT package, the
OsGLK1 protein lacks an NLS. If the prediction software is
accurate, then this observation could compromise OsGLK1
function, although heterodimerization of OsGLK1 and OsGLK2
would facilitate nuclear import. Although OsGLK1 and
OsGLK2 have not been tested for dimerization potential,
maize and Arabidopsis GLK proteins all show dimerization
capacity in a heterologous yeast system (Figure 9; D.J.
Martin and J.A. Langdale, unpublished data). The disruption
of rice Glk gene function is essential to confirm the involve-
ment of OsGlk1 and OsGlk2 in photosynthetic development;

however, the evidence obtained thus far supports such a
role. In addition, the isolation of OsGlk3 is important to com-
plete the picture of Glk gene function in rice.

On the basis of the g2 mutant phenotype and work pre-
sented here, we propose that the development of distinct
bundle sheath and mesophyll cells in C4 leaf blades requires
the complementary action of G2 and ZmGLK1. The devel-
opment of specialized C4 bundle sheath and mesophyll cells
is proposed to occur in response to a light-induced signal
emanating from the veins (Langdale et al., 1988b; Langdale
and Nelson, 1991). In the case of bundle sheath cell devel-
opment, the g2 mutant phenotype and G2 gene expression
patterns suggest that the G2 gene functions in this cell type
after induction of C4. Furthermore, G2 regulates the differen-
tiation of C3 cell types, which in maize include C3-like eti-
olated tissue and C3 mesophyll cells that are situated more
than two cells away from a vein. Possibly, the fundamental
role of Glk2/G2 in both C3 and C4 species is to promote the
development of chloroplasts that accumulate RuBPCase
(i.e., C3 mesophyll and C4 bundle sheath chloroplasts). The
g2 mutant phenotype suggests that C4 mesophyll chloro-
plast development is regulated independently of C4 bundle
sheath chloroplast development. ZmGlk1 is expressed pri-
marily in C4 mesophyll cells, is induced by light, and is ab-
sent from C3 mesophyll cells, consistent with the suggestion
of a derived role for ZmGLK1 in C4 plants. An interesting as-
pect of the g2 mutant phenotype is the recovery observed in
older tissues, which leads to a partial restoration of wild-type
chloroplast morphology in bundle sheath cells (Langdale and
Kidner, 1994). This was postulated to result from the com-
pensating action of a second gene. Preliminary RNA gel blot
analysis demonstrated that ZmGlk1 transcript levels are
normal in g2 mutants (J.A. Langdale, unpublished data), and
thus ZmGlk1 is an obvious candidate for this role.

Both transactivation and dimerization assays suggest that
GLK1 and GLK2 are capable of performing similar functions.
In rice, these proteins may act redundantly in all photosyn-
thetic cell types, although some temporal specificity is sug-
gested by the fact that OsGlk1 is expressed primarily during
the early stages of development. In maize, spatial rather
than temporal separation of gene expression is observed,
with ZmGlk1 expressed primarily in C4 mesophyll cells and
G2 expressed primarily in C4 bundle sheath cells. G2 and
ZmGLK1 can form homodimers and heterodimers in a het-
erologous yeast system, suggesting that various interactions
also may occur in vivo. Given the preferential expression of
ZmGlk1 in mesophyll cells and G2 in bundle sheath cells, it
is likely that the formation of homodimers is normally fa-
vored. However, low levels of G2 transcripts are detected in
mesophyll cells, and ZmGlk1 transcripts are detected in
bundle sheath cells. Can the action of Glk genes account for
the differentiation of chloroplasts in all photosynthetic or-
ganisms? Presumably, there was a single ancestral Glk
gene that was duplicated at least once during the evolution
of land plants. Although all Glk genes may not have been re-
quired in C3 plants, duplication would have permitted further

Figure 8. G2 and ZMGLK1 Transactivation Assays in Yeast.

Constructs used in each assay are shown schematically at left. In
each case, the regions indicated were fused to the GAL4DB. See
Figure 4 and legend for key to the different domains within the Glk
genes. Positive results in the transactivation assay are represented
by (1), and negative results are represented by (2).
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specialization of the type described here for the C4 plant
maize. This suggestion needs experimental substantiation.
Furthermore, loss-of-function mutations need to be identi-
fied for ZmGlk1 and the rice Glk genes, and the targets of
Glk gene action need to be identified to clarify their role in
the differentiation process. However, the possibility that Glk
genes are fundamental regulators of photosynthetic devel-
opment is an exciting one.

METHODS

Plant Material and Growth Conditions

Maize (Zea mays) and rice (Oryza sativa) inbred lines B73 and IR36,
respectively, were used for all experiments. IR36 rice seedlings were
grown in soil in a greenhouse (with an average daytime temperature
of 288C and an average nighttime temperature of 168C) with a 16-hr-light
(supplemented to 500 mmol m22 sec21) and 8-hr-dark cycle. Eti-
olated seedlings were grown in the dark for 7 days at 288C. Light-
shifted seedlings were grown in the dark for 7 days and then placed in
the greenhouse for 24 hr at the start of the light cycle. Young leaf pri-
mordia were harvested 7 days after germination in the greenhouse,
when seedlings were z2.5 cm tall. Third-leaf blades and sheaths were
harvested from 4-week-old plants (the fifth leaf was emerging from the
main shoot, and some of the plants had one or two tillers). Roots and
mature leaves were harvested from 2-month-old plants.

B73 maize seedlings were grown in a growth cabinet, at 288C con-
stant temperature, with a 16-hr-light (100 mmol m22 sec21) and
8-hr-dark cycle. Plastochron 1 to 5 leaf primordia were harvested 4
days after planting, when seedlings were z2 cm tall and all of the
leaves were still enclosed in the coleoptile. The young shoots (includ-
ing the coleoptiles) were excised 2 to 3 mm above the shoot apical
meristem. Third leaves and roots from light-grown seedlings were
harvested at the stage of emergence of the fourth leaf (z10 days af-
ter planting). Leaf sheaths were harvested intact, and leaf blades
were divided into basal and distal halves to obtain RNA from base
and tip or were harvested intact to obtain whole leaf blade RNA. Eti-
olated seedlings were grown in vermiculite in complete darkness at
288C for 7 days. For RNA gel blot analysis, whole seedlings were har-
vested above the coleoptile ridge. Light-shifted (greening) seedlings
were grown in complete darkness, as described above, for 6 days,
and then shifted to a growth cabinet at 288C for a 14-hr-light (100
mmol m22 sec21), 8-hr-dark, 2-hr-light cycle, before being harvested
as described for the corresponding etiolated samples. Purified bun-
dle sheath and mesophyll cells were isolated as described by Hall et
al. (1998).

Glk Gene Cloning

A rice genomic library (IR36) was purchased from Clontech (Palo
Alto, CA). A rice seedling leaf cDNA library was kindly provided by M.
Matsuoka (Nagoya University, Japan). A second rice cDNA library
was prepared from 2-month-old greenhouse-grown seedling
leaves (IR36 genotype). Total RNA was extracted as described

Figure 9. G2 and ZmGLK1 Interaction Assays in Yeast.

GAL4DB constructs are shown schematically at left. These constructs were cotransformed with GAL4 transactivation (TA) domain constructs
that included full-length, N-terminal, or C-terminal portions of G2 and ZmGLK1, as represented at center. Positive interactions are indicated by
(1), and no interaction is represented by (2).
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below, and mRNA was isolated using the PolyATract mRNA isolation
system (Promega). The library was constructed in the HybriZAP vec-
tor using the HybriZAP two-hybrid cDNA synthesis kit and the Hy-
briZAP two-hybrid cDNA gigapack cloning kit according to the
manufacturer’s instructions (Stratagene).

Initially, the Matsuoka rice cDNA library was screened at moderate
stringency (hybridized in 0.75 M NaCl at 658C and washed in 0.15 M
NaCl at 658C) with a probe spanning the G2 cDNA from within the he-
lix-loop-helix (HLH) domain to the end (probe 1, positions 1014 to
2192 in GenBank accession number AF318579). A partial rice cDNA
clone was isolated and assigned to the OsGlk1 gene. Sequence from
this clone was used to generate two probes: a gene-specific frag-
ment spanning the 39 untranslated region (UTR) of OsGlk1 (probe 2,
positions 1550 to 1965 in GenBank accession number AF318581)
and a probe spanning the HLH domain of OsGlk1 (probe 3, positions
763 to 947 in GenBank accession number AF318581). Subsequently,
the rice genomic library was screened at moderate stringency (hy-
bridized in 0.75 M NaCl at 658C and washed in 0.15 M NaCl at 658C)
with both probe 2 and probe 3. Several overlapping clones were iso-
lated and classified into two groups, corresponding to OsGlk1 and
OsGlk2, by restriction mapping and hybridization to probe 2. Restric-
tion mapping was subsequently used to identify the most convenient
clones for subcloning and sequencing.

Genes were subcloned as follows: pLAR2 is a 4.5-kb BamHI ge-
nomic fragment spanning most of the OsGlk1 locus from a site within
the coding region of exon 1 to a site located z1 kb downstream of
the polyadenylation site in the cDNA. pLAR3 is a 1.5-kb DraI ge-
nomic fragment spanning the 59 portion of the OsGlk1 locus, includ-
ing exons 1 and 2. pLAR4 is a 4.8-kb DraI genomic fragment
spanning the 59 portion of the OsGlk2 gene, including exon 1 and
exon 2 (sequence from this clone spanning exon 1 is published in
GenBank, accession number AF318583). pLAR6 is a 7-kb XhoI ge-
nomic fragment spanning most of the OsGlk2 locus from a site within
exon 1 to a site located z1 kb downstream of the polyadenylation
site in the cDNA.

Partial sequence was obtained from these subclones and com-
pared with the G2 sequence and the OsGlk1 partial cDNA sequence.
Sequence in the first exon was found to be different in OsGlk1 and
OsGlk2; therefore, a specific probe for this region of OsGlk2 was am-
plified by polymerase chain reaction (PCR) (probe 4, positions 479 to
785 in GenBank accession number AF318583). Our rice cDNA library
was then screened with the gene-specific fragments (probe 2 and
probe 4) at high stringency (hybridized in 0.45 M NaCl at 658C and
washed in 0.15 M NaCl at 658C). Fifty independent cDNA clones
were isolated for the OsGlk1 gene. Preliminary characterization by
restriction analysis permitted identification of the longest one,
pRICE46 (1.9 kb), which was selected for complete sequencing and
characterization (GenBank accession number AF318581). Four cDNA
clones were isolated for the OsGlk2 gene, none of which was full
length; the longest, pRICEA2 (1.6 kb), was selected for complete se-
quencing and further characterization (GenBank accession number
AF318582). The genomic and cDNA sequences for OsGlk2 differ in
the number of GCC repeats present in the coding region of exon 1,
exhibiting three and seven repeats, respectively (translating to three
and seven alanine residues, respectively). Sequence for this gene is
included in the bacterial artificial chromosome clone OSJNBa0086P08
from rice chromosome 1 (GenBank accession number AP002855). In
this sequence, nine GCC repeats are present at this site. A possible
interpretation of these discrepancies is that the tandem repeats are
prone to expansion/contraction. In this work, the sequence of the
OsGlk2 mRNA was deduced by joining together sequences from the
pRICEA2 clone and the pLAR4 genomic subclone, and the number

of repeats was derived from the genomic clone on the basis that ar-
tifacts are more likely to occur during cDNA synthesis.

Intron positions and size were determined by comparing genomic
and cDNA sequences and by PCR. Once approximate positions of
introns were established by this strategy, exact positions and junc-
tion sequences were obtained by partial sequencing of the genomic
subclones.

A maize cDNA library prepared from B73 seedling leaf tissue (a gift
from A. Barkan, University of Oregon, Eugene) was screened at mod-
erate stringency (hybridized in 0.75 M NaCl at 608C and washed in
0.15 M NaCl at 608C) by using the HLH region of OsGlk1 as a probe
(probe 3). Two clones were isolated, pLAR7 (1.87 kb) and pLAR8
(1.66 kb). Complete sequencing revealed that they represent alterna-
tive polyadenylation products of the same gene. pLAR7, being the
longer clone, was used in all subsequent experiments (GenBank ac-
cession number AF318580). Intron positions and sizes were deter-
mined by genomic PCR. PCR products were cloned in pGEMT-easy
(Promega) and sequenced using primers to the vector.

Sequence Analysis

The Genetics Computer Group (Madison, WI) GAP and Pileup pack-
ages were used for pairwise and multiple alignments, respectively.
Various on-line resources were used for retrieval of Glk-related se-
quences. The BLOCKS World Wide Web server at http://www.
blocks.fhcrc.org allowed for the detection of conserved blocks
among GLK proteins, and Cobbler sequence outputs were used in
subsequent BLAST searches. BLAST searches were performed on a
range of nucleotide and protein databases at http://www.ncbi.nlm.
nih.gov/BLAST/ by using appropriate algorithms with and without low-
complexity filters. PHD protein folding predictions were made through
the Predict Protein e-mail server at http://www.public.iastate.edu/
~pedro/pprotein_query.html. PSORT predictions were made at http:
//psort.nibb.ac.jp/.

Isolation of DNA and Gel Blot Analysis

DNA was isolated from leaf tissue according to Chen and Dellaporta
(1994). DNA gel blot analysis was performed as described by
Langdale et al. (1991). Hybridizations were performed in either 0.75
M or 0.45 M NaCl at 658C, as indicated.

Isolation of RNA and Gel Blot Analysis

RNA was isolated, electrophoresed, blotted, and hybridized as de-
scribed by Langdale et al. (1988a). Densitometry of autoradiographs
and analysis of fluorescence in ethidium bromide–stained gels were
performed using the Biorad Fluor-S multiimager and software pack-
age. Gene-specific probes used for RNA gel blot analysis were as
follows: G2, 400-bp 39 UTR fragment from the LNH10 subclone
(Hall et al., 1998) (probe 5, positions 1809 to 2192 in Genbank acces-
sion number AF318579); ZmGlk1, last 240 bps of the pLAR7 cDNA
spanning the 39 UTR (probe 6, positions 1601 to 1843 in GenBank
accession number AF318580); OsGlk1, last 415 bps of the pRICE46
cDNA spanning the 39 UTR (probe 2); OsGlk2, 303 bps of the
pRICEA2 cDNA starting at the stop codon and spanning the 39 UTR
(probe 7, positions 1291 to 2098 in GenBank accession number
AF318582).
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Yeast GAL4 Assays

The GAL4 transactivation assays and the yeast two-hybrid assays
were performed using the MATCHMAKER two-hybrid system from
Clontech. GAL4 DNA binding domain fusions were constructed in
the pGBT9 vector as follows: G2 full length, from the ATG (residue M 1)
to the stop codon; G2 N terminus, from the ATG (residue M 1) to po-
sition 1191 in the cDNA (residue A 260); G2 C terminus, from position
1192 in the cDNA (residue P 261) to the stop codon; ZmGLK1 full
length, from the ATG (residue M 1) to the EcoRI site at position 1671
in the 39 UTR; ZmGLK1 N terminus, from the ATG (residue M 1) to
position 954 in the cDNA (residue H 264); ZmGLK1 C terminus, from
position 955 in the cDNA (residue R 265) to the EcoRI site at position
1671 in the 39 UTR.

Restriction sites were introduced by PCR amplification with appro-
priately designed primers at the 59 end of each fragment to maintain
the reading frame of the GAL4 DNA binding domain. The empty
pGBT9 vector was included in the experiments as a negative control.

GAL4 transactivation domain fusions were constructed in the
pGAD424 vector by using the same fragments as described for the
pGBT9 constructs.

Yeast transformation, selection of transformants, and filter b-galac-
tosidase assays were performed as described in the MATCHMAKER
two-hybrid system manual (Clontech).

Homodimerization and heterodimerization assays were conducted
by cotransforming the GAL4 fusion constructs into yeast. Interac-
tions were scored using the b-galactosidase assay. As a control,
pGAD424 derivatives were transformed alone to exclude the possi-
bility that GLK peptides bind to GAL4 binding sites. In addition, the
pGBT9–GLK C-terminal fusions were cotransformed with empty
pGAD424 vector to show that GLK proteins do not interact directly
with the GAL4 transactivation domain. All these controls gave nega-
tive results (no transactivation of the reporter gene).
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